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MAGNETIC RECORDING MEDIUM AND
MAGNETIC RECORDING AND
REPRODUCING APPARATUS

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention elates to a magnetic recording
medium which 1s preferably used 1n a magnetic recording,
and reproducing apparatus such as a hard disk drive, and a
magnetic recording and reproducing apparatus including the
magnetic recording medium.

Priority 1s claimed on Japanese Paten Application No.
2015-185500, filed on Sep. 18, 2015 and Japanese Patent

Application No. 2016-038321, filed on Feb. 29, 2016, the
contents of which are incorporated herein by reference.

Description of Related Art

In order to mmprove recording density of a magnetic
recording and reproducing apparatus, a magnetic recording,
medium suitable for high recording density has been devel-
oped.

In the related art, examples of the magnetic recording
medium 1nclude a magnetic recording medium in which a
recording layer for recording information, a protective layer
tormed of carbon or the like, and a lubricant layer are formed
on a substrate 1n this order. The protective layer protects the
information recorded on the recording layer and increases
slidability of a magnetic head. However, 1t 1s not possible to
obtain suflicient durability of the magnetic recording
medium only by disposing the protective layer on the
recording layer.

For this reason, 1n general, the lubricant layer 1s formed by
applying a lubricant onto the surface of the protective layer.
By disposing a lubricant layer on the protective layer, it 1s
possible to prevent the magnetic head of the magnetic
recording and reproducing apparatus from being directly in
contact with the protective layer, and to reduce a frictional
torce of the magnetic head sliding on the magnetic recording
medium, and thus, durability 1s improved.

A pertluoropolyether-based lubricant, an aliphatic hydro-
carbon-based lubricant, and the like have been proposed as
the lubricant which 1s used in the magnetic recording
medium.

For example, in Patent Document 1, a magnetic recording,
medium coated with a lubricant of perfluoroalkyl polyether
(diol) having a structure of HOCH,—CF,O—(C,F, O)p-
(CF,0)q-CH,OH (p and q are itegers) 1s disclosed.

In Patent Document 2, a magnetic recording medium

coated with a lubricant formed of pertluoroalkyl polyether
(tetraol) having a structure of HOCH,CH(OH)—
CH,OCH,CF,O—(C,F,O)p-(CF,0)q-CF,CH,OCH,—CH
(OH)CH,OH (p and q are integers) 1s disclosed.
In Patent Document 3, a lubricant for a magnetic record-
ing medium which has a pertluorooxy alkylene unit selected
from —CF,O— or —CF,CF,O— and contains a phospha-
zene compound 1s disclosed.

In Patent Document 4, a magnetic recording medium
including a lubricant layer in which a phosphazene com-
pound and a compound having a perfluorooxy alkylene unit
are mixed 1n a specific range 1s disclosed. In addition, 1n
Patent Document 4, 1t 1s disclosed that the lubricant layer has
a high bonding force with respect to the protective layer, and
even 1n a case where the layer thickness of the protective
layer decreases, a high coating ratio can be obtained.

In Patent Document 5, a lubricant contaiming a compound
denoted by R'—C.H,O0—CH,CH(OH)CH,OCH,—R*—
CH,—O—R? is disclosed.
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In addition, outgas from siloxane-based organic S1 which
1s used as a rubber seal for sealing the magnetic recording
and reproducing apparatus 1s one of 10onic contaminants on
the magnetic recording medium. It 1s known that the outgas
from the siloxane-based organic Si1 causes breakage or
contamination of the magnetic head of the magnetic record-
ing and reproducing apparatus (for example, refer to Patent
Document 6).

PRIOR ART DOCUMENTS

Patent Documents

[Patent Document 1] Japanese Unexamined Patent Appli-
cation, First Publication No. S62-66417

| Patent Document 2] Japanese Unexamined Patent Appli-
cation, First Publication No. H-9-282642

[Patent Document 3] Japanese Unexamined Patent Appli-
cation, First Publication No. 2002-275484

| Patent Document 4] Japanese Unexamined Patent Appli-
cation, First Publication No. 2010-1083583

[Patent Document 3] Japanese Unexamined Patent Appli-
cation, First Publication No. 2013-163667

[ Patent Document 6] Japanese Unexamined Patent Appli-
cation, First Publication No. 2014-116060

SUMMARY OF THE INVENTION

In the magnetic recording medium, recording density 1s
required to be mmproved by further decreasing a floating
amount of the magnetic head. For this reason, the thickness
of the lubricant layer 1s required to be further thinned.

However, 1n a case where the thickness of the lubricant
layer 1s thinned, a gap 1s formed in the lubricant layer, an
environmental substance enters from the gap of the lubricant
layer, and contamination occurs, and thus, the magnetic
recording medium 1s contaminated. In a case where the
magnetic recording medium 1s contaminated, a contaminant
on the magnetic recording medium 1s attached (transferred)
to the magnetic head.

The present invention has been made 1n consideration of
the circumstances described above, and an object of the
present mnvention 1s to provide a magnetic recording medium
which 1s rarely contaminated by an environmental substance
even 1n a case where the thickness of a lubricant layer 1s
thinned, and a magnetic recording and reproducing appara-
tus including the magnetic recording medium.

In order to attain the object described above, the present
inventors have conducted intensive studies on the basis of a
relationship between the surface of a protective layer
arranged by being 1n contact with the lubricant layer and the
material of the lubricant layer.

As a result thereof, 1t has been found that 1t 1s possible to
prevent the magnetic recording medium from being con-
taminated due to entering of an environmental substance
from a gap of the lubricant layer by configuring the protec-
tive layer and the lubricant layer as described below. That 1s,
a protective layer in which the outermost surface on the
lubricant layer side contains carbon and nitrogen 1n a range
of 50 atomic % to 90 atomic % 1s used as the protective
layer. Then, a lubricant layer which 1s formed by being 1n
contact with the outermost surface of the protective layer,
and 1s formed of a compound having a specific composition
from which a high bonding force with respect to a nitrogen-
containing layer can be obtained without being 1n the shape
of an 1sland or a mesh 1s used as the lubricant layer.
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The present invention has been made on the basis of the
findings described above, and the gist thereot 1s as described
below.

[1] According to an aspect of the present invention, there
1s provided a magnetic recording medium including at least
a magnetic layer, a protective layer, and a lubricant layer on
a nonmagnetic substrate in this order, 1n which an outermost
surface of the protective layer on the lubricant layer side
contains carbon and nitrogen, the nitrogen 1s contained in the
outermost surface 1n a range of 50 atomic % to 90 atomic %,
the lubricant layer 1s formed by being in contact with the
outermost surface, has an average film thickness of 0.5 nm
to 2 nm, and contains a compound A represented in the
below general formula (1), a compound B represented 1n the
below general formula (2), and a compound C represented
in the below general formula (3), and a mass ratio (A/(A+
B+C)) of the compound A with respect to a sum of masses
of the compounds A, B, and C contained in the lubricant
layer 1s 1n a range of 0.05 to 0.6, a mass ratio (B/(A+B+C))
of the compound B with respect to the sum of the masses of
the compounds A, B, and C contained in the lubricant layer
1s 1n a range ol 0.05 to 0.5, and a mass ratio (C/(A+B+C))
of the compound C with respect to the sum of the masses of
the compounds A, B, and C contained in the lubricant layer
1s 1n a range of 0.05 to 0.9.

R1-C,H,OCH,CH(OH)CH,OCH,—R2-

CH,OCH,CH(OH)CH,OH (1),

(In the general formula (1), R1 1s an alkoxy group having
1 to 4 carbon atoms, R2 1s —CF,O(CF,CF,O)x(CF,O)
yCF,— (an order in parentheses of x and y may be this
order, the opposite order, or a random order (each of x and
y 1s an integer of O to 15)).)

CH,(OH)CH(OH)CH,OCH,CF,CF,(OCF,CF-,CF,),,

OCF,CF,CH,OCH,CH(OH)CH,OH (2),

(In the general formula (2), in 1s an mteger 1n a range of
4 to 50.)

HOCH,CF,CF,O(CF,CF,CF,0)s

CF,CF,CH,OCH,CH(OH)CH,OH (3)

(In the general formula (3), s 1s an integer.)

[2] The magnetic recording medium according to [1], 1n
which an average molecular weight of the compound A may
be 1 a range of 1,000 to 2,500.

[3] The magnetic recording medium according to [1] or
[2], 1n which an average molecular weight of the compound
B may be in a range of 1,000 to 2,500.

[4] The magnetic recording medium according to any one
of [1] to [3], 1n which an average molecular weight of the
compound C may be 1n a range of 1,000 to 2,000.

[5] According to another aspect of the present invention,
there 1s provided a magnetic recording and reproducing
apparatus, 1including: the magnetic recording medium
according to any one of [1] to [4]; a medium-driving unit
that drives the magnetic recording medium in a recording,
direction; a magnetic head that records information to the
magnetic recording medium and reproduces information
from the magnetic recording medium; a head-moving unit
that moves the magnetic head relative to the magnetic
recording medium; and a recording and reproducing signal-
processing unit that processes a recording signal transmitted
to the magnetic head and a reproducing signal recerved from
the magnetic head.

The magnetic recording medium of the present invention
includes the protective layer in which the outermost surface
(outermost layer) on the lubricant layer side contains carbon
and nitrogen, the nitrogen 1s contained in the outermost
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surface 1n a range of 50 atomic %) to 90 atomic %, and the
lubricant layer which 1s formed by being 1n contact with the
outermost surface of the protectiv layer, d conta ns the
compound A, the compound B, and the compound C at a
predetermined ratio. For this reason, 1in the magnetic record-
ing medium of the present invention, the lubricant laver 1s
not 1 the shape of an i1sland or a mesh, and thus, the
lubricant layer 1s bonded to the protective layer with a strong
bonding force. Accordingly, even 1n a case where the aver-
age f1lm thickness of the lubricant layer 1s thinned to be 1n
a range of 0.5 nm to 2 nm, 1t 1s possible to prevent the
magnetic recording medium from being contaminated due to
entering ol an environmental substance from a gap of the
lubricant layer. Therefore, the magnetic recording medium
of the present invention can respond to further improvement
in a recording density even 1n a case where the thickness of
the lubricant layer 1s sufliciently thinned.

In addition, the magnetic recording and reproducing appa-
ratus of the present invention includes the magnetic record-
ing medium of the present invention which 1s rarely con-
taminated. For this reason, in the magnetic recording and
reproducing apparatus of the present invention, a contami-
nant existing on the magnetic recording medium 1s trans-
terred onto the magnetic head of the magnetic recording and
reproducing apparatus, and thus, it 1s possible to prevent
recording and reproducing properties from decreasing or
floating stability from deteriorating. Accordingly, the mag-
netic recording and reproducing apparatus of the present
invention has stable magnetic recording and reproducing
properties.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic sectional view illustrating an
example of a magnetic recording medium of the present
ivention.

FIG. 2 1s a perspective view 1llustrating an example of a
magnetic recording and reproducing apparatus of the present
invention.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

Hereinatter, an embodiment of the present invention will
be described 1n detal.

FIG. 1 1s a schematic sectional view illustrating an
example of a magnetic recording medium according to an
embodiment of the present invention.

As 1llustrated in FIG. 1, in a magnetic recording medium
11 of the embodiment of the present invention, a magnetic
layer 2, a protective layer 3, and a lubricant layer 4 are
laminated on a nonmagnetic substrate 1 in this order.

Furthermore, 1n this embodiment, a case where adhesive
layer, a soft magnetic underlayer, a seed layer, and an
orientation control layer are laminated between the nonmag-
netic substrate 1 and the magnetic layer 2 1n this order will
be described as an example. The adhesive layer, the soft
magnetic underlayer, the seed layer, and the onentation
control layer are disposed, as necessary, and apart or all of
these layers may not be disposed.

(Nonmagnetic Substrate)

A nonmagnetic substrate in which a film formed of N1P or
a Ni1P alloy 1s formed on a substrate formed of a metal
material such as Al or an alloy material such as an Al alloy,
and the like can be used as the nonmagnetic substrate 1. In
addition, a nonmagnetic substrate formed of a non-metal
material such as glass, ceramic, silicon, silicon carbide,
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carbon, and a resin may be used as the nonmagnetic sub-
strate and a nonmagnetic substrate in which a film formed of
Ni1P or an NiP alloy 1s formed on a substrate formed of a
non-metal material may be used as the nonmagnetic sub-
strate 1.

(Adhesive Layer)

In a case where the nonmagnetic substrate 1 1s arranged
in contact with the soit magnetic underlayer disposed on the
adhesive layer, the adhesive layer prevents corrosion of the
nonmagnetic substrate 1 from progressing. For example, Cr,
a Cr alloy, T1, a 'T1 alloy, and the like can be suitably selected
as the material of the adhesive layer. It 1s preferable that the
thickness of the adhesive layer be greater than or equal to 2
nm to obtain suflicient adhesiveness.

The adhesive layer, for example, can be formed by a
sputtering method.

(Soit Magnetic Underlayer)

It 1s preferable that the soft magnetic underlayer have a
structure 1 which a first soft magnetic film, intermediate
layer formed of a Ru film, and a second soit magnetic film
are laminated 1n this order. That is, 1t 1s preferable that the
soit magnetic underlayer have a structure 1n which the soft
magnetic films on and under the intermediate layer are
subjected to antiferromagnetic coupling (AFC) by 1nterpos-
ing the intermediate layer formed of the Ru film between the
two soft magnetic films. The soft magnetic underlayer has a
structure 1n which the AFC coupling 1s performed, and thus,
it 1s possible to increase resistance with respect to a magnetic
field from the outside and resistance with respect to a Wide
Area Tack Erasure (WATE) phenomenon, which 1s a prob-
lem peculiar to vertical magnetic recording.

The film thickness of the soft magnetic underlayer 1s
preferably 1 a range of 15 nm to 80 nm, and 1s more
preferably in a range of 20 nm to 50 nm. In a case where the
film thickness of the soit magnetic underlayer is less than 15
nm, the magnetic flux from a magnetic head cannot be
sufliciently absorbed, writing becomes insuflicient, and
recording and reproducing propertiecs may deteriorate.
Therefore, setting the film thickness of the soft magnetic
underlayer to be less than 15 nm 1s not preferable. In

contrast, 1n a case where the film thickness ol the soft
magnetic underlayer 1s greater than 80 nm, productivity
significantly decreases. Therefore, setting the film thickness
of the soft magnetic underlayer to be greater than 80 nm 1s
not preferable.

It 1s preferable that the first soft magnetic film and the
second soit magnetic film be formed of a CoFe alloy. In a
case where the first soft magnetic film and the second soft
magnetic {ilm are formed of a CoFe high saturated magnetic
flux density Bs (greater than or equal to 1.4(T)) can be
realized.

In addition, it 1s preferable that any one of Zr, Ta, and Nb
be added to the CoFe alloy which 1s used in the first soft
magnetic film and the second soift magnetic film. Accord-
ingly, amorphization of the first soft magnetic film and the
second soit magnetic film 1s accelerated, the orientation of
the seed layer can be improved, and the floating amount of
the magnetic head can be reduced. The soft magnetic
underlayer can be formed by a sputtering method.

(Seed Layer)

The seed layer 1s for controlling the alignment and the
crystal size of the orientation control layer and the magnetic
layer 2 which are disposed on the seed layer, and thus, a
vertical directional component with respect to a substrate
surface of a magnetic flux generated from the magnetic head
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increases, and a magnetization direction of the magnetic
layer 2 1s more strongly fixed in a direction vertical to the
nonmagnetic substrate 1.

It 1s preferable that the seed layer formed of a N1W alloy.
In a case where the seed layer 1s formed of the N1W alloy,
as necessary, other elements such as B, Mn, Ru, Pt, Mo, and

Ta may be added to the NiW alloy.

It 1s preferable that the film thickness of the seed layer be
in a range of 2 nm to 20 nm. In a case where the film
thickness of the seed layer 1s less than 2 nm, an effect which
1s obtained by disposing the seed layer may become 1nsui-
ficient. On the other hand, 1t 1s not preferable that a case
where the film thickness of the seed layer be greater than 20
nm since the crystal size increases.

The seed layer can be formed by a sputtering method.

(Orientation Control Layer)

The ornientation control layer controls the alignment of the
magnetic layer 2 such that the alignment becomes excellent.
It 1s preferable that the orientation control layer be formed
of Ru or a Ru alloy.

It 1s preferable that the film thickness of the orientation
control layer be 1n a range of 5 nm to 30 nm. By setting the
film thickness of the orientation control layer to be less than
or equal to 30 nm, 1t 15 possible to decrease a distance
between the magnetic head and the soit magnetic under-
layer, and 1t 1s possible to make the magnetic flux from the
magnetic head steep. In addition, by setting the film thick-
ness of the orientation control layer to be greater than or
equal to 5 nm, 1t 1s possible to control the alignment of the
magnetic layer 2 such that the alignment becomes excellent.

The onientation control layer may be formed of one layer,
or may be formed of a plurality of layers. In a case where the
orientation control layer 1s formed of a plurality of layers, all
of the orientation control layers may be formed of the same
material, or at least a part of the orientation control layers
may be formed of a different material.

The orientation control layer can be formed by a sputter-
ing method.

(Magnetic Layer)

The magnetic layer 2 1s formed of a magnetic film 1n
which an easy axis of magnetization 1s directed towards a
direction vertical to the substrate surface. The magnetic
layer 2 contains Co and Pt, and may contain an oxide, or Cr,
B, Cu, Ta, Zr, and the like 1n order to enhance SNR
properties.

Examples of the oxide contained in the magnetic layer 2
include S10,, S10, Cr,0,, Co0O, Ta,O,, T10,, and the like.

The magnetic layer 2 may be formed of one layer, or my
be formed of a plurality of layers having different compo-
sitions.

For example, in a case where the magnetic layer 2 1s
formed of three layers of a first magnetic layer, a second
magnetic layer, and a third magnetic layer, 1t s preferable
that the first magnetic layer have a granular structure formed
ol a material containing Co, Cr, and Pt, and an oxide. For
example, oxides of Cr, S1, Ta, Al, Ti, Mg, Co, and the like
are preferably used as the oxide contained in the first
magnetic layer. Among the particular, T10,, Cr,O;, S10,,
and the like can be preferably used. In addition, it 1s
preferable that the first magnetic layer be formed of a
composite oxide in which two or more types of oxides are
added. Among them, in particular, Cr,O,—S10,, Cr,O,—
T10,, S10,—T10,, and the like can be preferably used.

The first magnetic layer can contain one or more types of
elements selected from B, Ta, Mn, Cu, Nd, W, Nb, Sm, Tb,
Ru, and Re 1n addition to Co, Cr, Pt, and an oxide.
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By containing the element described above, 1t 1s possible
to accelerate refinement of magnetic particles or to improve
crystallinity or onentation, and 1t i1s possible to obtain
recording and reproducing properties and thermal fluctua-
tion properties suitable for higher density recording.

The same material as that of the first magnetic layer can
be used 1n the second magnetic layer. It 1s preferable that the
second magnetic layer have a granular structure.

In addition, 1t 1s preferable that the third magnetic layer
have anon-granular structure formed of a material which
contains Co, Cr, and Pt, but does not contain oxide. The third

magnetic layer can contain one or more types ol elements
selected from B, Ta, Mo, Cu, Nd, W, Nb, Sm, Tbh, Ru, Re,
and Mn 1n addition to Co, Cr, and Pt. The third magnetic
layer contains the elements described above 1n addition to
Co, Cr, and Pt, and thus, 1t 1s possible to accelerate the
refinement of the magnetic particles or to improve the
crystallinity or the orientation, and 1t 1s possible to obtain
recording and reproducing properties and thermal fluctua-
tion properties suitable for higher density recording.

It 1s preferable that the thickness of the magnetic layer 2
be 5 nm to 25 nm. In a case where the thickness of the
magnetic layer 2 1s less than 5 nm, suflicient reproducing,
output cannot be obtained, and thermal fluctuation proper-
ties also decrease. In addition, 1n a case where the thickness
of the magnetic layer 2 1s greater than nm, 1t 1s not preferable
since the magnetic particles 1n the magnetic layer 2 are
enlarged, noise at the time of performing recording and
reproducing increases, and recording and reproducing prop-
erties represented by a signal/noise ratio (an S/N ratio) or
recording properties (OW) deteriorate.

In a case where the magnetic layer 2 1s formed of a
plurality of layers, it 1s preferable that a non-magnetic layer
be disposed between the adjacent magnetic layers. In a case
where the magnetic layer 2 1s formed of three layers of the
first magnetic layer, the second magnetic layer, and the third
magnetic layer, it 1s preferable that the non-magnetic layer
be disposed between the first magnetic layer and the second
magnetic layer and between the second magnetic layer and
the third magnetic layer.

By disposing the non-magnetic layer between the mag-
netic layers with a suitable thickness, magnetization reversal
of the magnetic particles configuring each of the films (the
magnetic layer) 1s easily performed, and thus, it 1s possible
to decrease the dispersion of the magnetization reversal of
the entire magnetic particles, and it 1s possible to further
improve the S/N ratio.

For example, Ru, a Ru alloy, a CoCr alloy, a CoCrX1
alloy (X1 represents at least one or two or more elements
selected from Pt, Ta, Zr, Re, Ru, Cu, Nb, N1, Mn, Ge, S1, O,
N, W, Mo, T1, Zr, and B.), and the like can be preferably used
in the material of the non-magnetic layer disposed between
the magnetic layers.

In addition, it 1s preferable that an alloy material contain-
ing an oxide, a nitride, or a carbide be used in the material
of the non-magnetic layer disposed between the magnetic
layers. Specific examples of the oxide include S10,, Al,O;,
Ta, 0., Cr, 0O, MgO, Y,0;, T10,, and the like. Specific
examples of the nitride include AIN, Si1;N,, TaN, CrN, and
the like. TaC, BC, S1C, and the like can be respectively used
as a specilic example of the carbide.

It 1s preferable that the thickness of the non-magnetic
layer disposed between the magnetic layers be 0.1 nm to 1
nm. By setting the thickness of the non-magnetic layer to be
in the range described above, 1t 1s possible to further
improve the S/N ratio,
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The non-magnetic layer can be formed by a sputtering
method.

In addition, in order to realize higher recording density, it
1s preferable that the magnetic layer 2 be a magnetic layer of
vertical magnetic recording in which the easy axis of mag-
netization 1s directed towards the vertical direction with
respect to the substrate surface, and the magnetic layer 2
may be a magnetic layer of in-plane magnetic recording.

The magnetic layer 2 may be formed by any known
method of the related art such as a vapor deposition method,
an 1on beam sputtering method, and a magnetron sputtering
method, and 1n general, the magnetic layer 2 1s formed by a
sputtering method.

(Protective Layer)

The protective layer 3 protects the magnetic layer 2. As
illustrated 1n FIG. 1, the protective layer 3 of this embodi-
ment 1ncludes a protective film layer 3a, and a nitrogen-
containing layer 35 which i1s formed on the protective film
layer 3a on the lubricant layer 4 side (in FIG. 1, an upper
surface).

The protective film layer 3a contains carbon or hydroge-
nated carbon, and may be formed of only carbon or only
hydrogenated carbon, or may contain nitrogen 1n addition to
the carbon or the hydrogenated carbon. The protective film
layer 3a may be formed of one layer, or may be formed of
a plurality of layers.

The nitrogen-containing layer 35 contains nitrogen and
carbon. The nitrogen-containing layer 35 may contain other
atoms such as a hydrogen atom 1in addition to a nitrogen
atom and a carbon atom.

The nitrogen-containing layer 35 includes the outermost
surface (the outermost surface of the protective layer on the
lubricant layer side, and a boundary surface between the
nitrogen-contaimng layer 36 and the lubricant layer 4, and
outermost layer) carbon and nitrogen. The nitrogen 1s con-
tained 1n the outermost surface 1n a range of 50 atomic % to
90 atomic %. The nitrogen content in the nitrogen-contain-
ing layer 35 may be uniform, and for example, may have a
concentration gradient in which the nitrogen content 1s the
largest 1n the outermost surface and decreases as the depth
1s 1ncreased.

In a case where the nitrogen content in the outermost
surface of the nitrogen-containing layer 35 1s in the range
described above, a compound A to a compound C described
below, which form the nitrogen-containing layer 36 and the
lubricant layer 4, are bonded to each other with a high
bonding force.

A nitrogen atom contained in the outermost surface of the
nitrogen-contaiming layer 35 forms a strong bond with a
hydroxyl group contained in the compound A to the com-
pound C described below. In a case where the nitrogen
content 1n the outermost surface of the nitrogen-containing
layer 35 1s greater than or equal to 50 atomic %, the nitrogen
atom contained in the outermost surface of the nitrogen-
containing layer 35 can sufliciently ensure the number of
bondings with respect to the hydroxyl group contained in the
compound A with respect to the compound C, and the
protective layer 3 1s bonded to the lubricant layer 4 with a
high bonding force. In order to ensure the number of
bondings between the nitrogen atom contained 1n the nitro-
gen-containing layer 36 and the hydroxyl group contained 1n
the compound A to the compound C, the nitrogen content of
the outermost surface of the nitrogen-containing layer 35 1s
preferably greater than or equal to 60 atomic %, and 1s more
preferably greater than or equal to 70 atoinic %.

A carbon ato contained in the outermost surface of the
nitrogen-contaiming layer 35 forms a strong bond with a
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six-membered ring (—C_.H,—) contained in the compound
A described below. In a case where the nitrogen content in
the outermost surface of the nitrogen-containing layer 35 1s
less than or equal to 90 atomic %, the number of carbon
atoms contained in the outermost surface of the nitrogen-
contaiming layer 35 1s sufliciently ensured.

Therefore, the number of bondings between the carbon
atom contained 1n the nitrogen-containing layer 35 and the
six-membered ring contained 1n the compound A can be
suiliciently ensured, and t1 e protective layer 3 1s bonded to
the lubricant layer 4 with a high bonding force. In order to
ensure the number of bondings between the carbon atom
contained 1n the nitrogen-containing layer 35 and the six-
membered ring contained 1n the compound A, 1t 1s preferable
that the nitrogen content in the outermost surface of the
nitrogen-contaiming layer 36 be less than or equal to 80
atomic %.

In this embodiment, the surface of the protective layer on
the lubricant layer side “containing carbon and nitrogen 1n a
range of S0 atomic % to 90 atomic %’ indicates a protective
layer 1n whici the nitrogen content 1n the outermost surface
1s 1n a range of 50 atomic % to 90 atomic % by measuring
the surface of the protective layer on the lubricant layer side,
for example, with an X-ray photoelectron spectroscopy
(XPS/ESCA).

It 1s preferable that the film thickness of the protective
layer 3 (the total film thickness of the protective film layer
3a and the nitrogen-containing layer 35) be 1n a range of 1
nm to 10 nm. In a case where the film thickness of the
protective layer 3 1s less than or equal to 10 nm, 1t 1s possible
to sufliciently reduce magnetic spacing in the magnetic
recording and reproducing apparatus including the magnetic
recording medium 11 of this embodiment, and 1t 1s possible
to correspond to further improvement in recording density.
Furthermore, the magnetic spacing indicates a distance
between the magnetic head and the magnetic layer 2. As the
magnetic spacing becomes narrower, the electromagnetic
conversion properties of the magnetic recording and repro-
ducing apparatus can be improved. In a case where the film
thickness of the protective layer 3 1s greater than or equal to
1 nm, an effect of protecting the magnetic layer 2 increases,
and durability can be improved.

The protective layer 3, for example, can be formed by the
following method.

In a case where the protective film layer 3a 1s formed of
carbon, for example, the protective film layer 3a can be
formed by a sputtering method 1 which a carbon target
material 1s used as a raw matenal.

In a case where the protective film layer 3a 1s formed of
hydrogenated carbon, for example, the protective film layer
3a ¢ be formed by a chemical vapor deposition (CVD)

method using a hydrocarbon raw material such as ethylene
or toluene, an 1on beam vapor deposition (IBD) method, and
the like.

In a case where the protective film layer 3a contains
nitrogen in addition to the carbon or the hydrogenated
carbon, for example, the protective film layer 3a can be
formed by the same method as that 1n a case where the
protective film layer 3a 1s formed of carbon or a case where
the protective film layer 3a 1s formed of hydrogenated
carbon, by using a raw material which contains nitrogen as
a raw material.

Next, the protective film layer 3a (a lubricant layer 4 side
surface) 1s subjected to nitriding processing (or dehydroge-
nating processing and nitriding processing), and thus, the
nitrogen-containing layer 356 1s formed.
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A known method can be used as the method of performing
the nitriding processing (or the dehydrogenating processing
and the mitriding processing) with respect to the protective
film layer 3a. Specifically, examples of the method include
a method of 1njecting nitrogen 1ons into the protective film
layer 3a, a method of exposing the protective film layer 3a
to nitrogen plasma, and the like. The nitrogen-contaiming
layer 35 formed by such a method has a concentration
gradient m inch the nitrogen content i1s the largest in the
outermost surface and decreases as the depth 1s increased,
and thus, 1t 1s preferable that both of a hard carbon film
having a high strength and a carbon film containing nitrogen
which has high coating properties of a lubricant be obtained.

In a case where the method of 1njecting the mitrogen 1on
1s used, for example, 1t 1s possible to set the nitrogen content
ol the outermost surface of the nitrogen-containing layer 35
to be 1n a range of 50 atomic % to 90 atomic % by
controlling the injection amount of the nitrogen i1on. In
addition, 1n a case where the method of exposing to the
nitrogen plasma 1s used, for example, it 1s possible to set the
nitrogen content of the outermost surface of the nitrogen-
containing layer 36 to be 1 a range of 50 atomic % to 90
atomic % by controlling a time for exposing the protective
film layer 3a to the mitrogen plasma (a processing time)
and/or a nitrogen plasma density.

In the example illustrated 1n FIG. 1, a case where the
protective film layer 3a, and the nitrogen-containing layer
3b which 1s formed by performing the nitriding processing
or the dehydrogenating processing and the nitriding pro-
cessing) with respect to the protective film layer 3a are
included as the protective layer 3 has been described as an
example, and the protective layer of the present mmvention
may be a protective layer in which the outermost surface on
a lubricant layer side contains carbon and nitrogen 1n a range
of 50 atomic % to 90 atomic %, or may be any protective
layer.

For example, the protective layer may be a protective
layer which 1s formed of only one layer containing carbon
and nitrogen 1n a range of 50 atomic % to 90 atomic % and
1s formed on the magnetic layer 2 by a sputte ing method, a

CVD method, an IBD method, and the like using a raw
material containing carbon and nitrogen. In this case, the
concentration of nitrogen contained in the raw matenal 1s
controlled, and thus, 1t 1s possible to set the nitrogen content
of the outermost surface of the protective layer to be 1n a
range of 50 atomic % to 90 atomic %.

(Lubricant Layer)

The lubricant layer 4 1s formed by being in contact with
the outermost surface of the nitrogen-containing layer 35 of
the protective layer 3.

The lubricant layer 4 contains the compound A repre-
sented 1n the below general formula (1), the compound B
represented 1 the below general formula (2), and the
compound C represented in the below general formula (3).

R1-C,H,OCH,CH(OH)CH,OCH,—R2-

CH,OCH,CH(OH)CH,OH (1),

(in the general formula (1), R1 1s an alkoxy group having
1 to 4 carbon atoms. R2 1s —CF,O(CF,CF,O)x(CF,0O)
yCF,— (an order in parentheses of x and y may be this
order, the opposite order, or a random order each of x and y
1s an integer of 0 to 15)).)

CH,(OH)CH((H)CH,OCH,CF,CF,(OCF,CF,CF,)

OCF,CF,CH,OCH,CH(OH)CH,OH (2)
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(1n the general formula (2), m 1s an integer 1n a range of
4 to 50.)

HOCH,CF,CF,0(CF,CF,CF,0)s

CF,CF,CH,OCH,CH(OH)CH,OH (3)

(In the general formula (3), s 1s integer.)
[Compound A]

In the compound A, the six-membered ring (—C . H,—)
having a large cyclic skeleton which 1s arranged 1n a position
close to a terminal forms a strong bond with the carbon atom
contained in the outermost surface of the nitrogen-contain-
ing layer 3b. addition, 1n the compound A, a terminal group

tformed of —CH(OH)CH,OH having two hydroxyl groups

positioned on a terminal on a side opposite to R1 and a
hydroxyl group in an mtermediate portion form a strong
bond with the nitrogen atom contained in the outermost
surface of the nitrogen-containing layer 3b. Therefore, the
compound A 1s selectively bonded to the carbon atom of
which the content i1s relatively small on the outermost
surface of the nitrogen-containing layer 35 in a position
close to one terminal, and 1s bonded to the nitrogen atom on
the outermost surface of the nitrogen-contaiming layer 35 on
the other terminal. As a result thereof, the compound A
rarely becomes in the shape of an 1sland on the outermost
surface of the nitrogen-containing layer 35, and is easily
arranged over a surface direction.

In the compound A represented in the above general
formula (1), R1 1s an alkoxy group having 1 to 4 carbon
atoms.

R1 1s an alkoxy group having 1 to 4 carbon atoms, and
thus, the six-membered ring (—C.H,—) contained 1n the
compound A 1s arranged in a position close to the terminal
of the compound A. It 1s preferable that the number of
carbon atoms of R1 in the compound A decrease since the
position of the six-membered ring becomes the position
closed to the terminal and the position of the six-membered
ring 1s separated from the terminal group formed of —CH
(OH)CH,OH, and thus, the compound A easily spreads on
the outermost surface of the nitrogen-containing layer 36 in
the surface direction, and it 1s most preferable that the
number of carbon atoms be 1.

In the compound A represented in the above general
formula (1), x and y of R2 are each an integer o1 0 to 15. For
this reason, the molecular weight of the compound A
becomes suitable. Therefore, 1n a case where a lubricant
layer 1s formed by applying a lubricant containing the
compound A, it 1s possible to prevent the lubricant from
being rarely applied by excessively increasing the molecular
weight of the compound A. In addition, the spread of the
compound A 1in the surface direction on the outermost
surface of the nitrogen-containing layer 35 does not become
isuilicient by excessively decreasing the molecular weight
of the compound A.

It 1s preferable that the average molecular weight of the
compound A represented 1n the above general formula (1) be
in a range of 1,000 to 2,500. In a case where the average
molecular weight of the compound A 1s less than or equal to
2,500, a lubricant which has a low viscosity and 1s easily
applied 1s easily obtained 1n a case where a lubricant layer
1s formed by applying a lubricant containing the compound
A to the compound C. In a case where the average molecular
weilght of the compound A 1s greater than or equal to 1,000,
the lubricant layer 4 of which the thickness rarely decreases
1s easily obtained, and excellent durability 1s obtained even
in a case of bemng used under a high-temperature and
high-humidity environment.
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Examples of the compound A include ART-1 (Product
Name: manufactured by MORESCO Corporation). In

ART-1 (Product Name), R1 1n the general formula (1) 1s an

alkoxy group having 1 carbon atom, x and y of R2 are each
an mnteger of 3 to 7, and the average molecular weight 1s
adjusted to be 1n a range of 1,000 to 2,500.

[Compound Bl]

The compound B has four hydroxyl groups, and has a
terminal group which 1s formed of —CH(OH)CH,OH hav-

ing two hydroxyl groups and 1s arranged on both terminals.
In the compound B, the hydroxyl group 1s bonded to the
nitrogen atom of which the content 1s relatively large on the
outermost surface of the nitrogen-containing layer 35 on
both terminals.

For this reason, the compound B has a strong bonding
force with respect to the nitrogen-containing layer 3b.

In addition, the compound B does not have a cyclic
skeleton, and has the suitable number of oxygen atoms a
suitable number of ether bonds (—0O—)) with respect to the
number of carbon atoms 1n a pertluoropolyether chain, and
thus, has a suitable hardness.

In the compound B represented in the above general
formula (2), m 1s an integer 1n a range of 4 to 50. For this
reason, the molecular weight of the compound B becomes
suitable. Therefore, in a case where a lubricant layer 1s
formed by applying a lubricant containing the compound B,
it 1s possible to prevent the lubricant from being rarely
applied by excessively increasing the molecular weight of
the compound B. In addition, the spread of the compound B
in the surface direction on the outermost surface of the
nitrogen-containing layer 356 does not become insuilicient by
excessively decreasing the molecular weight of the com-
pound B.

It 1s preferable that the average molecular weight of the
compound B represented 1in the above general formula (2) be
in a range of 1,000 to 2,500. In a case where the average
molecular weight of the compound B is less than or equal to
2,500, a lubricant which has a low viscosity and 1s easily
applied 1s easily obtained 1n a case where a lubricant layer
1s formed by applying a lubricant containing the compound
A to the compound C. In a case where the average molecular
weight of the compound B 1s greater than or equal to 1,000,
the lubricant layer 4 of which the thickness rarely decreases
1s easily obtained, and excellent durability 1s obtained even
in a case of bemng used under a high-temperature and
high-humidity environment.

Examples of the compound B include D40OH(s) (Product
Name: manufactured by MORESCO Corporation). In
D40OH(s) (Product Name), m in the general formula (2) 1s an
integer 1n a range of 4 to 30, and the average molecular
weilght 1s adjusted to be 1n a range of 1,000 to 2,500.

|[Compound C]

The compound C has three hydroxyl groups, and has a
terminal group which 1s formed of —CH(OH)CH,OH hav-
ing two hydroxyl groups and is arranged 1n one terminal and
a terminal group which 1s formed of —CH,OH having one
hydroxyl group and is arranged on the other terminal. In the
compound C, the hydroxyl group 1s bonded to the nitrogen
atom ol which the content is relatively large on the outer-
most surface ol the nitrogen-containing layer 35 on both
terminals. For this reason, the compound C has a strong
bonding force with respect to the mitrogen-containing layer
3b.

In addition, the compound C does not have a cyclic
skeleton, and has the suitable number of oxygen atoms (a
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suitable number of ether bonds (—0O—)) with respect to the
number of carbon atoms 1n a perfluoropolyether chain, and
thus, has a suitable hardness.

The compound C has three hydroxyl groups, and thus, has
intermediate properties between a lubricant having four
hydroxyl groups (for example, the compound B) and a
lubricant having two hydroxyl groups (for example, diol). In
addition, the compound C has an asymmetrical straight
chain chemical structure, and thus, a bonding state which 1s
different from that of the compound B on the surface of the
nitrogen-contaiming layer 35 can be obtained. Accordingly,
as 1n this embodiment, the compounds B and C are mixed,
and thus, uncovered regions can be mutually compensated
by both compounds, and an uncovered region of the com-
pound A can be also compensated.

It 1s preferable that the average molecular weight of the
compound C represented 1n the above general formula (3) be
in a range of 1,000 to 2,000. In a case where the average
molecular weight of the compound C is less than or equal to
2,000, a lubricant which has a low viscosity and 1s easily
applied 1s easily obtained 1n a case where a lubricant layer
1s formed by applying a lubricant containing the compound
A to the compound C. In a case where the average molecular
weight of the compound C 1s greater than or equal to 1,000,
the lubricant layer 4 of which the thickness rarely decreases
1s easily obtained, and excellent durability 1s obtained even
in a case of bemng used under a high-temperature d high-
humidity environment.

Examples of the compound C include D30OH(s) (Product
Name: manufactured by MORESCO Corporation). In
D30OH(s) (Product Name), the value of s 1n the general
formula (3) 1s adjusted such that the average molecular
weight 1s 1 a range of 1,000 to 2,000.

In this embodiment the lubricant layer 4 containing the
compound A to the compound C 1s disposed by being 1n
contact with the outermost surface of the protective layer 3,
and thus, as described below, the thickness of the lubricant
layer 4 can be thinned.

As described above, the compound A 1s easily arranged
over the surface direction, and thus, easily becomes in the
shape of a mesh, and a imp between the compounds A 1s
casily formed. The compound B and the compound C do not
have a cyclic skeleton, and has a suitable number of oxygen
atoms (a suitable number of ether bonds (—O—)) with
respect to the number of carbon atoms 1n the pertluoropo-
lyether chain, and thus, have a suitable hardness. For this
reason, in the lubricant layer 4 of this embodiment, the
compound B and the compound C enter the gap formed
between the compounds A, and thus the gap between the
compounds A 1s filled with the compound B and thee
compound C. As a result thereof, 1t 1s possible to prevent the
magnetic recording medium 11 from being contaminated
due to entering of an environmental substance from a gap of
the lubricant layer 4, and 1t 1s possible to thin the thickness
of the lubricant layer 4.

In contrast, for example, 1n a case where a film having an
average film thickness of less than or equal to 2 nm 1s formed
by using only the compound A 1nstead of the lubricant layer
4, the compound A has a molecular structure of a large cyclic
skeleton, and thus, a mesh-like film 1s formed, a gap 1s
formed 1n the lubricant layer 4, and the surface of the
protective layer 3 cannot be covered at a sufliciently high
coating ratio.

In a case where a gap exists in the lubricant layer, an
environmental substance which generates a contaminant
such as 1onic impurities adsorbed on the surface of the
magnetic recording medium passes through the gap of the
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lubricant layer, and enters a lower layer of the lubricant
layer. The environmental substance entering the lower layer
of the lubricant layer coagulates a slight amount of 1on
components existing therein, and generates an 10nic con-
taminant. Then, this contaminant (a coagulation component)
1s attached (transferred) to the magnetic head at the time of
performing magnetic recording and reproducing, and thus, t1
¢ magnetic head 1s broken, or magnetic recording and
reproducing properties of the magnetic recording and repro-
ducing apparatus decrease. A problem which occurs due to
the entering of the environmental substance from such a gap
of the lubricant layer becomes remarkable in a case where
the magnetic recording medium 1s retamned under high-
temperature conditions.

In addition, 1n a case where a film having an average film
thickness of less than or equal to 2 nm 1s formed by using
only the compound B instead of the lubricant layer 4, a
bonding force (wettability) between the compound B and the
protective layer 3 becomes insuflicient, and thus, an 1sland-
like film 1s formed, and the surface of the protective layer 3
cannot be covered at a sufliciently high coating ratio.

In addition, 1n a case where a film having an average {ilm
thickness of less than or equal to 2 nm 1s formed by using
only the compound C instead of the lubricant layer 4, a
bonding force (wettability ) between the compound C and the
protective layer 3 becomes insuflicient, and thus, an 1sland-

like film 1s formed, and the surface of the protective layer 3
cannot be covered at a sufliciently high coating ratio.

(Mass Ratio(A/(A+B+C)))

A mass ratio (A/(A+B+C)) of the compound A with
respect to the sum of the masses of the compounds A, B, and
C 1s 1n a range of 0.05 to 0.6, and 1s preferably 1n a range of
0.1 to 05. By setting a mass ratio (A/(A+B+C)) to be 1n a
range of 0.05 to 0.6, it 1s possible to ensure the number of
bondings between the nitrogen atom contained in the out-
ermost surface of the nitrogen-containing layer 36 and the
hydroxyl group contained in the compound A to the com-
pound C, and 1t 1s possible to sufliciently ensure the number
of bondings between the carbon atom contained in the
outermost surface of the nitrogen-contaiming layer 36 and
the six-membered ring contained i the compound A.
Accordingly, the protective layer 3 1s bonded to the lubricant
layer 4 with a high bonding force. In addition, by setting the
mass ratio A/(A+B C)) to be less than or equal to 0.6,
preferably to be less than or equal to 0.5, 1t 1s possible to fill
a gap lormed between the compound A with a suflicient
amount of compound B and compound C, and 1t 1s possible
to prevent the magnetic recording medium 11 from being
contaminated due to entering of an environmental substance
from a gap of the lubricant layer 4, and 1t 1s possible to thin
the thickness of the lubricant layer 4. By setting the mass
ratio (A/(AB+C)) to be greater than or equal to 0.05,
preferably to be greater than of equal to 0.1, 1t 1s possible to
prevent a decrease 1n a coating ratio of the protective layer
3 which occurs because excessive compounds B and com-
pounds C become 1n the shape of an 1sland on the outermost
surface of the nitrogen-containing layer 3.

In a case where the mass ratio (A/(A+B+C)) 1s less than
0.03, the compound A becomes insuilicient, and the com-
pound B and compound C become excessive, and thus, the
lubricant layer 4 easily becomes 1n the shape of an 1sland,
and a coating ratio with respect to the protective layer 3
becomes 1nsufficient. In addition, where the mass ratio
(A/(A+B+C)) 1s greater than 0.6, the compounds B and C

become insuthicient, and thus, the lubricant layer 4 easily
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becomes 1n the shape of a mesh, and the coating ratio with
respect to the protective layer 3 becomes insutlicient.

(Mass Ratio(B/(A+B+C)))

A mass ratio (B/(A+B+C)) of the compound B to the sum
of the masses of the compounds A, B, and C contained 1n the
lubricant layer of this embodiment 1s 1n a range of 0.05 to
0.5, and 1s preferably 1n a range of 0.1 to 0.4. By setting a
mass ratio (B/(A+B+0) to be less than or equal to 0.5,
preferably to be less than or equal to 0.4, the compound B
having four hydroxyl groups becomes excessive, and the
hydroxyl group contained in the compound A to the com-
pound C becomes excessive, and thus, a hydroxyl group
which 1s not bonded to the nmitrogen atom contained in the
outermost surface of the mitrogen-containing layer 35 1is
prevented from being generated. Therefore, a bonding force
between the mitrogen atom contained 1n the outermost sur-
face of the nitrogen-containing layer 35 and the hydroxyl
group contained in the compound A to the compound C and
a bonding force between the carbon atom contained 1n the
outermost surface of the nitrogen-containing layer 36 and
the six-membered ring contained in the compound A are
suiliciently obtained. Accordingly, the protective layer 3 1s
bonded to the lubricant layer 4 with a high bonding force.

By setting the mass ratio (B/(A+B+C)) to be greater than

or equal to 0.05, preferably to be greater than or equal to 0,1,
the compound B having four hydroxyl groups 1s prevented
from being insuilicient, and the number of bondings between
the nitrogen atom contained in the outermost surface of the
nitrogen-containing layer 35 and the hydroxyl group con-
tained 1n the compound A to the compound C can be
ensured. Accordingly, the protective layer 3 1s bonded to the
lubricant layer 4 with a high bonding force.

In a case where the mass ratio (B/(A+B+C)) 1s less than
0.05 or 1n a case where the mass ratio (B/(A+B+C)) 1s
greater than 0.5, a mixing balance of the compounds A, B,
and C deteriorates, the uncovered region on the surface of
the protective layer 3 1s not compensated by each compound,
and the coating ratio of the protective layer 3 becomes
insufficient.

(Mass Ratio(C/{A+B+C)))

A mass ratio (C/(A+B+C)) of the compound C to the sum
of the masses of the compounds A, B, and C 1s 1n a range of
0.05 to 0.9, and 1s preferably 1n a range of 0.1 to 0.8. By
setting a mass ratio (C/(A+B+C)) to he less than or equal to
0.9, preferably to be less than or equal to 0.8, the compound
C having three hydroxyl groups becomes excessive, and the
compound A relatively decreases, and thus, 1t 1s possible to
prevent a bonding force between the carbon atom contained
in the outermost surface of the nitrogen-containing layer 356
and the six-me/ red ring contained in the compound A from
being insuflicient. In addition, by setting the mass ratio
(C/(A+B+C)) to be greater than or equal to 0.035, preferably
to be greater than or equal to 0.1, the compound B having
four hydroxyl groups becomes excessive, and thus, a
hydroxyl group which 1s not bonded to the mitrogen atom
contained 1n the outermost surface of the nitrogen-contain-
ing layer 35 1s prevented from being generated, and the
compound A becomes excessive, and thus, the lubricant
layer 4 1s prevented from being 1n the shape of a mesh.

In a case where the mass ratio (C/(A+B+C)) 1s less than
0.05 or 1n a case where the mass ratio (C/(A+B+C)) 1s
greater than 0.9, a mixing balance of the compounds A, B,
and C deteriorates, the uncovered region on the surface of
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the protective layer 3 1s not compensated by each compound,
and the coating ratio of the protective layer 3 becomes
insuflicient.

(Film Thickness of Lubricant Layer)

The average film thickness of the lubricant layer 4 1s 1n a
range of 0.5 nm (5 A) to 2 nm (20 A), and is preferably in

a range of 1 nm to 1.9 nm.

By setting the average film thickness the lubricant layer 4
to be greater than or equal to 0.5 nm, properties obtained by
containing the compound A, the compound B, and ti1 ¢
compound C 1n the lubricant layer 4 are sufliciently exhib-
ited. That 1s, the compound B and the compound C enter a
gap formed between the compounds A, the gap between the
compounds A 1s filled with the compound B and the com-
pound C, and a bonding force between the nitrogen atom
contained 1n the outermost surface of the nitrogen-contain-
ing layer 35 and the hydroxyl group contained in the
compound A to ¢ compound C and a bonding force between
the carbon atom contained in the outermost surface of the
nitrogen-containing layer 35 and the six-membered ring
contained i1n the compound A are sufliciently obtained.
Accordingly, the lubricant layer 4 having an average film
thickness of greater than or equal to 0.5 nm 1s bonded to the
protective layer 3 with a strong bonding force, 1s not in the
shape of an 1sland or a mesh, and can prevent the magnetic
recording medium 11 from being contaminated due to
entering of an environmental substance from a imp of the
lubricant layer 4.

In addition, the average film thickness of the lubricant
layer 4 1s less than or equal to 2 nm, and thus, 1t 1s possible
to sufliciently decrease the floating amount of the magnetic
head, and 1t 1s possible to increase the recording density of
the magnetic recording medium 11.

(Formation Method of Lubricant Layer)

A magnetic recording medium 1n the middle of the
manufacturing 1s prepared in which each of the layers up to
the protective layer 3 1s formed on the nonmagnetic sub-
strate 1, a solution for forming a lubricant layer 1s applied
onto the protective layer 3 of the magnetic recording
medium 1n the middle of the manufacturing, and thus, the
lubricant layer 4, for example, can be formed on the pro-
tective layer 3.

The solution for forming a lubricant layer, for example,
can be obtained by mixing the compounds A, B, and C such
that the mass ratio 1s in the range described above, by
diluting the mixture with a solvent, and by setting viscosity
and concentration to be suitable for a coating method.

Examples of the solvent used 1n the solution for forming
a lubricant layer include a fluorine-based solvent such as
Vera XF (product name, manufactured by Du Pont-Mitsui
Fluorochemicals Co., Ltd.), and the like.

A coating method of the solution for forming a lubricant
layer 1s not particularly limited, and examples of the coating
method 1nclude a spin coating method, a dipping method,
and the like.

Examples of a dipping method include a method 1n which
the nonmagnetic substrate 1 on which each of the layers up
to the protective layer 3 1s formed 1s dipped in the solution
for forming a lubricant layer which 1s put into a dipping tank
of a clip coating device, and after that, the nonmagnetic
substrate 1 1s pulled up from the dipping tank at a prede-
termined speed. By using the dipping method, 1t 1s possible
to uniformly apply the solution for forming a lubricant layer
onto the surface of the protective layer 3 of the nonmagnetic
substrate 1, and it 1s possible to form the lubricant layer 4 on
the protective layer 3 with a uniform film thickness.
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(Magnetic Recording and Reproducing Apparatus)

Next, an example of the magnetic recording and repro-
ducing apparatus of the embodiment of the present invention
will be described. FIG. 2 1s a perspective view 1llustrating
example of a magnetic recording and reproducing apparatus
of an embodiment of the present invention.

A magnetic recording and reproducing apparatus 101 of
this embodiment includes the magnetic recording medium
11 1llustrated i FIG. 1, a medium-driving unit 123, a
magnetic head 124, a head-moving umt 126, and a recording,
and reproducing signal-processing unit 128.

The medium-driving umit 123 drives the magnetic record-
ing medium 11 1n a recording direction. The magnetic head
124 includes a recording unit and a reproducing unit, and has
functions of recording information to the magnetic recording
medium 11 and of reproducing information from the mag-
netic recording medium 11. Specifically, the recording unit
records information to the magnetic recording medium 11,
and the reproducing unit reproduces information from the
magnetic recording medium 11. The head-moving unit 126
moves the magnetic head 124 relative to the magnetic
recording medium 11. The recording and reproducing sig-
nal-processing umt 128 processes a recording signal trans-
mitted to the magnetic head 124 and a reproducing signal
received from the magnetic head 124.

An element unit (the reproducing unit) of the magnetic
head 124 1s configured of a GMR head or a TMR head, and
thus, 1t 1s possible to obtain a suflicient signal strength even
in a high recording density, and 1t 1s possible to realize a
magnetic recording and reproducing apparatus having a high
recording density.

The magnetic recording and reproducing apparatus 101 of
this embodiment includes the magnetic recording medium
11 which 1s rarely contaminated, and thus, it 1s possible to
prevent recording and reproducing properties from decreas-
ing or floating stability from deteriorating by transierring a
containment to the magnetic head 124. Therefore, t1 ¢
magnetic recording and reproducing apparatus 101 of this
embodiment has stable magnetic recording and reproducing
properties.

EXAMPLES

Hereinafter, the present invention will be described in
detail on the basis of examples. Furthermore, the present
invention 1s not limited to the examples, but can be per-
formed 1n conditions suitably selected 1n a range not chang-
ing the gist of the present invention.

Example 1

A glass substrate manufactured by HOYA Corporation,
and an outer dimension of 2.5 inches) which had been
washed was contained 1n a film-forming chamber of a DC
magnetron sputtering device (C-3040, manufactured by
Canon Anelva Corporation), and the film-forming chamber
was exhausted until the ultimate vacuum became 1x107 Pa.

After that, an adhesive layer having a layer thickness of
10 nm was formed on the glass substrate by a sputtering
method using a Cr target.

Subsequently, a soft magnetic underlayer was formed on
the adhesive layer by a sputtering method. A first soft
magnetic layer, an intermediate layer, and a second soft
magnetic layer were formed in this order as the soft mag-
netic underlayer. First, the first soit magnetic layer having a
layer thickness of 25 nm was formed by using a Co-20Fe-
57r-5Ta target {a Fe content of 20 atomic %, a Zr content of
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5 atomic %, a Ta content of 5 atomic %, oud residual Co}
at a substrate temperature of lower than or equal to 100° C.
Next, the intermediate layer formed of Ru of which the layer
thickness was 0.7 nm was formed. After that, the second soft
magnetic layer formed of Co-20Fe-57r-3Ta of which the
layer thickness was 25 nm was formed.

Next, a seed layer having a layer thickness of 5 nm was
formed on the solt magnetic underlayer by a sputtering
method using a Ni-6W target {a W content of 6 atomic %
and residual Ni}.

After that, a Ru layer having a layer thickness of 10 nm
was formed on the seed layer as a first orientation control
layer by a sputtering method at a sputtering pressure of 0.8
Pa. Next, a Ru layer having a layer thickness of 10 nm was
formed on the first orientation control layer as a second
orientation control layer by using a sputtering method at a
sputtering pressure of 1.5 Pa.

Subsequently, a {first magnetic layer formed of
91(Col15Cr16P0O-6(Si0,)-3(Ti0,) {a Cr content of 15
atomic %, a Pt content of 16 atomic %, an alloy of residual
Co of 91 mol %, an oxide formed of S10,, of 6 mol %, and
an oxide formed of TiO, of 3 mol %} of which the layer
thickness was 9 nm was formed on the second orientation
control layer by a sputtering method. Here, a sputtering
pressure was 2 Pa.

Next, a non-magnetic layer formed of 88(Co30Cr)-12
(Ti0,) {a Cr content of 30 atomic %, an alloy of residual Co
of 88 mol %, and TiO, of 12 mol %} of which the layer
thickness was 0.3 nm was formed on the first magnetic layer
by a sputtering method.

After that, a second magnetic layer forrned of
92(Col11Cr18Pt)-5(S10,)-3(Ti0,) {a Cr content of 11
atomic %, a Pt content of 18 atomic %, an alloy of residual
Co of 92 mol %, SiO, of 5 mol %, and TiO, of 3 mol %} of
which the layer thickness was 6 nm was formed on the
non-magnetic layer by a sputtering method. Here, a sput-
tering pressure was 2 Pa.

After that, a non-magnetic layer formed of Ru of which
the layer ckness was 0.3 nm was formed on the second
magnetic layer by a sputtering method.

Subsequently, a third magnetic layer having a layer thick-
ness of 7 nm was formed on the non-magnetic layer by a
sputtering method using a Co-20Cr-14Pt-3B target {a Cr
content of 20 atomic %, a Pt content of 14 atomic %, a B
content of 3 atomic %, and residual Co} at a sputtering
pressure of 0.6 Pa.

[Formation of Protective Layer]

A hydrogenated carbon film was formed on the surface of
the magnetic layer by an 1on beam vapor deposition method
using gasified toluene as a raw maternial gas. When the
hydrogenated carbon film was formed, first, a gas tflow rate
of raw material gas which was supplied to a film formation
chamber was set to 2.9 SCCM, and a reaction pressure was
set to 0.2 Pa. Further, cathode power, which was an excita-
tion source of the raw material gas, was set to 225 W (AC
22.5 V, 10 A). Then, the hydrogenated carbon film was
formed such that a voltage between a cathode electrode and
an anode electrode covering the cathode electrode was 75 'V,
a current was 1650 mA, an acceleration voltage of 1ons was
200 V, a current was 180 mA, a film formation time was 1.5
seconds, and a thickness was 3.5 nm. After the hydrogenated
carbon film was formed, the supply of the raw material gas
was stopped, and the film formation chamber was exhausted
for 2 seconds.

Next, nitrogen gas was supplied into the film formation
chamber at a gas flow rate of 2 SCCM and a reaction
pressure of 5 Pa. Then, cathode power was set to 128 W(AC
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16 V, 8 A), a voltage between the cathode electrode and the
anode electrode was set to 75 V, a current was set to 1,000
mA, an acceleration voltage of the 1ons was set to 200V, a
current was set to 90 mA, a processing time was set to 1

20

the solution for forming a lubricant layer was applied onto
the surface of the protective layer of the magnetic substrate
such that the layer thickness of a lubricant layer became 1.3

nim.
After that, the surface coated e solution for forming a

second, and the surface of the hydrogenated carbon film was 5

irradiated with nitrogen 1ions which were formed from the lubricant ]ayer was dried, and thus, a lubricant ]ayer Was
nitrogen gas and was exposed to nitrogen plasma. Accord- formed, and a magnetic recording medium of Example 1
ingly, the surface of the hydrogenated carbon film was was obtained.

dehydrogenated and nitrided.

After the hydrogenated carbon film was subjected to 10 Examples 2 to 9 and Comparative Examples 1 to
surface processing (dehydrogenating processing and nitrid- 16
ing processing), the composition of the outermost surface
thereot (the outermost surface of a protective layer) was Magnetic recording mediums of Examples 2 to 9 and
measured by an X-ray photoelectron spectroscopy (Electron Comparative Examples 1 to 16 were obtained by the same
Spectroscopy for Chemical Analysis (ESCA)). The results 15 method as that in Example 1 except that the composition of
are shown 1n Table 1. the outermost surface of the protective layer was changed

[Formation of Lubricant Layer] and the type and the mass ratio of the compound used for

Next, a compound shown in Table 1 and described b-low forming the lubricant layer were changed as shown in Table
was dissolved 1n Vertrel XF (Product Name, manufactured 1 by adjusting a processing time of the surface processing
by Du Pont-Mitsu1 Huorochemicals Company, 20 (the dehydrogenating processing and the nitriding process-

Ltd.) at amass ratio shown 1n Table 1, and thus, a solution ing) of the hydrogenated carbon film. Furthermore, in Com-
for forming a lubricant layer was obtained. The concentra- parative Example 11 and Comparative Example 12, a mass
tion of the compound contained in the solution for forming, ratio was calculated by regarding the mass of the other
a lubricant layer was 0.3 mass %. compounds as the mass of the compound A.

Next, the solution for forming a lubricant layer was 25  In addition, in a stage where the surface processing of the
applied onto a protective layer of a nonmagnetic substrate by hydrogenated carbon film ended in the middle of manufac-
using a dipping method. turing the magnetic recording mediums of Examples 2 to 9

That 1s, the nonmagnetic substrate on which each layer up and Comparative Examples 1 to 16, the composition of the
to the protective layer was formed was dipped 1n the solution outermost surface of the hydrogenated carbon film (the
for forming a lubricant lay r put into a dipping bath of a dip 30 outermost surface of the protective layer) was measured by
coating device, and after that, the nonmagnetic substrate was a secondary 10n mass spectrometry (SIMS). The results are
taken out from the dipping bath at a constant speed. Thus, shown 1n Table 1.

TABLE 1
Mass Mass  Boundary S1
Mass Ratio Ratio  Surface Adsorption
Ratio (A/ (B/ (C/ Composition Amount
A+B+ A+B+ (A+B+ (C/H/N (Relative
Compound A  Compound B Compound C C)) C)) C)) (Atomic %)) Value)

Example 1  ART-1 DAOH(s)  D3OH(s) 0.05 0.4 0.55  20/0/80 0.33
Example 2 ART-1 D4OH(s)  D3OH(s) 0.1 0.3 0.6  20/0/80 0.32
Example 3 ART-1 DAOH(s)  D3OH(s) 0.2 0.2 0.6  20/0/80 0.29
Example 4  ART-1 DAOH(s)  D3OH(s) 0.3 0.1 0.6  20/0/80 0.23
Example 5  ART-1 D4AOH(s)  D3OH(s) 0.6 0.1 0.3  20/0/80 0.32
Comparative ART-1 D4AOH(s)  D3OH(s) 0.8 0.1 0.1  20/0/80 0.39
Example 1

Comparative ART-1 DAOH(s)  D3OH(s) 0.9 0.05 0.05  20/0/80 0.39
Example 2

Comparative A20H - - 1 0 0 20/0/80 1.00
Example 3

Comparative ADOH — — 1 0 0 20/0/80 1.10
Example 4

Comparative ART-1 — — 1 0 0 20/0/80 0.91
Example 5

Comparative — D40OH(s) — 0 1 0 20/0/80 0.85
Example 6

Comparative — — D30OH(s) 0 0 1 20/0/80 0.84
Example 7

Comparative ART-1 D40OH(s) - 0.7 0.3 0 20/0/80 0.44
Example &

Comparative ART-1 - D3OH(s) 0.3 0 0.7 20/0/80 0.43
Example 9

Comparative — D40OH(s) D30OH(s) 0 0.2 0.8 20/0/80 0.79
Example 10

Comparative A20H DAOH(s)  D3OH(s) 0.3 0.1 0.6  20/0/80 0.49
Example 11

Comparative ADOH DAOH(s)  D3OH(s) 0.3 0.1 0.6  20/0/80 0.43
Example 12

Example 6  ART-1 DAOH(s)  D3OH(s) 0.3 0.1 0.6  10/0/90 0.37
Example 7 ART-1 DAOH(s)  D3OH(s) 0.3 0.1 0.6  30/0/70 0.28
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TABLE 1-continued
Mass Mass  Boundary S1
Mass Ratio Ratio  Surface Adsorption
Ratio (A/ (B/ (C/ Composition Amount
A+B+ (A+B+ (A+B+ (C/H/N (Relative
Compound A  Compound B Compound C C)) C)) C)) (Atomic %)) Value)
Example 8  ARIT-1 D40OH(s) D3OH(s) 0.3 0.1 0.6 40/0/60 0.36
Example 9  ARI-1 D40OH(s) D3OH(s) 0.3 0.1 0.6 50/0/50 0.38
Comparative ARIT-1 D40OH(s) D3OH(s) 0.3 0.1 0.6 60/0/40 0.45
Example 13
Comparative ARIT-1 D40OH(s) D3OH(s) 0.3 0.1 0.6 5/0/95 0.43
Example 14
Comparative ARIT-1 D40OH(s) D3OH(s) 0.3 0.1 0.6 80/0/20 0.51
Example 15
Comparative ARIT-1 D40OH(s) D3OH(s) 0.3 0.1 0.6 80/20/0 0.66
Example 16

In the examples and the comparative examples, the com-
pounds used for forming the lubricant layer are as described
below.

ART-1 (Product Nat manufactured by MORESCO Cor-
poration) Average Molecular Weight of 1,700

D40OH(s) (Product Name: manufactured by MORESCO
Corporation) Average Molecular Weight of 1,600

D30OH(s) (Product Name: manufactured by MORESCO
Corporation) Average Molecular Weight of 1,700

A20H; A20H-2000 (Product Name: manufactured by
MORESCO Corporation)

ADOH; ADOH-2000 (Product Name: manufactured by
MORESCO Corporation)

A20H-2000, x 1s 5, R, 1s CF;, and R, 1s —OCH,CF,O
(CF,CF,0)(CF,0),CF,CH,OH 1s 10.5, and u 1s 10.1), 1n
the general formula (4) described below,

ADOH-2000, x 1s 5, R, 1s CF,, and R, 1s —OCH,CF,O
(CF,CF,0),(CF,0), CF,CH,OCH,CH(OH)CH,OH (p 1s
10.7, and q 1s 10.4), in the general formula (4) described
below.

N (4)
PZ

Ra)ox—

N%P/

P
T [O(CEHYR ,
N

(Evaluation of Environment Resistance of Magnetic
Recording Medium)

Environment resist, I the magnetic recording mediums of
Examples 1 to 9 and Comparative Examples 1 to 16 was
evaluated by using one of methods of examining a contami-
nated state ol the magnetic recording medium due to an
environmental substance generating a contaminant under a
high-temperature environment. In the evaluation of the
environment resistance described below, a S1 1on was used
as the environmental substance, and a S1 adsorption amount:
was measured as the mass of the contaminant generated by
the environmental substance.

Specifically, first, the magnetic recording medium as an
cvaluation target was retained 1n a high-temperature envi-
ronment of 85° C. and humidity of 0% for 240 hours 1n the
presence of siloxane-based Si rubber. Next, the S1 adsorption
amount existing on the surface of the magnetic recording
medium was analyzed and measured by using SIMS, and the
degree of contamination due to the S1 1on was evaluated.
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Furthermore, the S1 adsorption amount was evaluated by
using a relative numerical value at the time of setting the
result of Comparative Example 1 to 1.00. The results are
shown 1n Table 1.

From Table 1, 1t was obvious that, in the magnetic
recording mediums of Examples 1 to 9, the S1 adsorption
amount decreases, and the magnetic recording medium was
rarely contaminated with the environmental substance under
a high-temperature environment, compared to the magnetic
recording mediums of Comparative Examples 1 to 16. It 1s
assumed that, in the magnetic recording mediums of
Examples 1 to 9, the lubricant lay r 1s not in the shape of an
island or a mesh, and the lubricant layer 1s bonded to the
protective layer with a strong bonding force, and thus, even
in a case where the average film thickness of the lubricant
layer 1s thinned, the protective layer 1s covered with the
lubricant layer at a high coating ratio.

The magnetic recording medium and the magnetic record-
ing and reproducing apparatus of the present invention can
be used in the industry of using and manufacturing a
magnetic recording medium and a magnetic recording and
reproducing apparatus having high recording density.

While preferred embodiments of € mvention have been
described and 1llustrated above, 1t should be understood that
these are exemplary of the mmvention and are not to be
considered as limiting. Additions, omissions, substitutions,
and other modifications can be made without departing from
the spirit or scope of the present invention. Accordingly, the
invention 1s not to be considered as being limited by the
foregoing description, and 1s only limited by the scope of the
appended claims.

EXPLANAITION OF REFER.

CNCES

1: NONMAGNETIC SUBSTRATE

2: MAGNETIC LAYER

3: PROTECTIVE LAYER

4. LUBRICANT LAYER

11: MAGNETIC RECORDING MEDIUM

101: MAGNETIC RECORDING AND REPRODUCING
APPARATUS

123: MEDIUM-DRIVING UNIT

124: MAGNETIC HEAD

126: HEAD-MOVING UNIT

128: RECORDING AND REPRODUCING SIGNAL-
PROCESSING UNIT

What 1s claimed 1s:

1. A magnetic recording medium comprising at least a
magnetic layer, a protective layer, and a lubricant layer on a
nonmagnetic substrate in this order,
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wherein an outermost surface of the protective layer on
the lubricant layer side contains carbon and nitrogen,

the nitrogen 1s contained 1n the outermost surface 1n a
range of 50 atomic % to 90 atomic %,

the lubricant layer 1s formed by being 1n contact with the
outermost surface, has an average film thickness of 0.5
nm to 2 nm, and contains a compound A represented in
the below general formula (1), a compound B repre-
sented 1n the below general formula (2), and a com-
pound C represented in the below general formula (3),
and

a mass ratio (A/(A+B+C)) of the compound A with
respect to a s of masses of the compounds A, B, and C
contain d 1n the lubricant layer 1s 1n a range of 0.05 to
0.6, a mass ratio (B/(A+B+(C)) of the compound B with
respect to the sum of the masses of the compounds A,
B, and C contained 1n the lubricant layer 1s 1n a range
of 0.05 to 0.5, and a mass ratio (C/(A+B+C)) of the
compound C with respect to the sum of the masses of
the compounds A, B, and C contained 1n the lubricant
layer 1s 1n a range of 0.05 to 0.9,

R1-C.H,OCH,CH(OH)CH,OCH,—R2-
CH,OCH,CH(OH)CH,OH (1)

in the general formula (1), R1 1s an alkoxy group having
1 to 4 carbon atoms, R2 1s —CF,O(CF,CF,O)x(CF,O)
yCF,— (an order 1n parentheses of x and y may be this
order, the opposite order, or a random order (each of x
and y 1s an integer of 0 to 15).)

CH,(OH)CH(OH)CH,OCH,CF,CF,(OCF,CF,CF.) .
OCF,CF,CH,OCH,CH(OH)CH,OH (2)
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in the general formula (2), m 1s an iteger 1n a range of 4
to 50,

HOCH,CF,CF,0(CF,CF,CF,0)s
CF,CF,CH,OCH,CH(OH)CH,OH (3)

in the general formula (3), s 1s an integer.

2. The magnetic recording medium according to claim 1,

wherein an average molecular weight of the compound A
1s 1n a range of 1,000 to 2,500.

3. The magnetic recording medium according to claim 1,

wherein an average molecular weight of the compound B
1s 1n a range of 1,000 to 2,500.

4. The magnetic recording medium according to claims 1,

wherein an average molecular weight of the compound C
1s 1n a range of 1,000 to 2,000.

5. A magnetic recording and reproducing apparatus, com-

prising:

the magnetic recording medium according to claims 1;

a medium-driving umt that drives the magnetic recording
medium 1 a recording direction;

a magnetic head that records information to the magnetic
recording medium and reproduces information from
the magnetic recording medium;

a head-moving unit that moves the magnetic head relative
to the magnetic recording medium; and

a recording and reproducing signal-processing unit that
processes a recording signal transmitted to the mag-
netic head and a reproducing signal received from the
magnetic head.
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